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•  Introduction: 

•  Strengthening  of  titanium  alloys 

•  Background  of  rapid  heat  treatment  (RHT) 

•  microchemical  inhomogeneity 

•  grain  growth 

•  Examples  of  RHT: 

•  alpha/beta  alloys 

•  beta 
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Compromise:  Bimodal 
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TECHNICAL  ESSENCE: 

>  rapid  continuous  heating 
above  (3-transus  followed 
by  instantaneous  cooling; 
Controlled  parameters: 

■  heating  rate; 

■  peak  temperature; 

■  cooling  rate; 
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Isothermal  conditions: 

Dn  -Dq  -  Ktexp(-Q/ RT) 

Continuous  heating 

Dn -Dn0=(KR/TQ){  [7>2eXp(-e/i?7>)]-[T2eXp(-e/^)]} 


Isotropic  condition 


Textured  condition 


Temperature 
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Starting  conditions: 


Ca(x,T{ i)  =  Cao ;  Cfi(x,T0)  =  C 


'fio 


Boundary  conditions: 

Ca(lT)  =  Cafi(T);  C^,T)  =  Cpa(T) 

dC, 


dx 


x=d/  2 
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Cooling  rate 


Ti-6AI-4V;  WQ 
grain  size  500  mm:  VS  =  1105  MPa; 

A5  i  4.6%; 

grain  size  80  mm:  VS  =  1105  MPa; 

A5  =  9.9%; 

grain  size  30-50  mm:  VS  =  1268  MPa 

UTS  =  1349  MPa 
A5  =  10.9% 


300  mm:  UTS  =  1350  M 


r\o  =  6%; 
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The  introduction  of  cold  deformation  between  solution  treatment  and  aging  may 
have  a  benef icial  effect  on  the  evolution  of  microstructure  because  dislocations 
and  other  defects  can  modify  the  nucleation  of  alpha  precipitates. 

Additional  recrystallization  heat  treatment  results  in  a  finer  grain 
microstructure  that  yields  a  better  balance  of  strength  and  ductility. 

The  best  way  to  control  beta  grain  size  during  recrystallization  is  through  the 
use  of  continuous,  rather  than  isothermal,  heat  treatment. 
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Influence  ofJdeating  Rate 


With  slow  heating,  omega  precipitation  preceded  nucleation  of  the  alpha  phase  and 
resulted  in  a  very  fine  and  uniform  microstructure.  Rapid  heating  depressed  the 
intermediate  stages  of  decomposition  resulting  in  the  formation  of  a  nonuniform, 
coarse  structure  of  alpha,  apparently  generated  via  a  shear  mechanism.  The  only 
difference  was  that  the  transition  between  the  two  precipitation  mechanisms 
occurred  at  a  much  slower  heating  rate  due  to  the  generally  slower  precipitation 
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Aging  Response 

Microstructure 


Alpha  precipita 
recovered  area: 
suggests  that  c 


The  aged  microstructure  was  greatly  affected  by  residual  deformation 
substructure  if  recrystallization  was  nonuniform  such  as  in  the  case  of  low 
cold  reductions. 


partially  recrystallized  Ti-15-3 
after  aging  at  538°C  for  4  h 
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Gram  Growth  upon  Continuous 


Isothermal  conditions: 

Dn  -Dq  =Ktexp(-Q/RT) 

Continuous  heating  conditions 

Dn-Dn0={KRITQ){  [TJ.  exp  (-<9/ RTf )]  -[j;2  ^(-Q/RT, )]} 

Isotropic  condition  Textured  condition 
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During  continuous  heating,  the  texture  of  titanium  alloys  undergo  a  cyc¬ 
lic  evolution  leading  to  alternating  stages  of  fast  and  siow  grain  growth 
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Program  complex  based 
on  for  computationally- 
efficient  3D  Monte-Carlo 
algorithm  was  developed 
to  quantify  the  inter¬ 
action  of  grain  growth 
and  texture  development 
during  the  beta  annealing 
of  titanium  alloys 


Outputs  quantified  the  evolving  texture  in  terms  of  pole  f igures  or 
crystallite  orientation  distribution  functions  and  statistics  on  the 
grain  structure  such  as  the  grain-size  distribution  and 
grain  boundary  misorientation  distribution  function. 
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modeling  volume  2503  MUs 
up  to  200  000  grains 
up  to  728  000  orientations 


Outputs  quantified  the  evolving 
texture  in  terms  of  pole  figures 
or  crystallite  orientation 
distribution  functions  and 
statistics  on  the  grain 
structure  such  as  the 
grain-size  distribution  and 
grain  boundary  misorientation 
distribution  function. 
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periodic  texture  evolution 
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Lot  A 


Lot  B 


Initial  textures1  of  two  lots  of  Ti64  alloy  used  in  simulation 
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MC  simulated  grain  growth  kinetics  at  isothermal 
annealing  conditions  for  two  lots  of  Ti64  alloy 
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Fine-grained  fully  ^-transformed 
microstructures  processed  with  Rapid  Heat 
Treatment  provide  an  attractive  combination 
of  tensile,  fatigue,  and  f racture 
characteristics  of  titanium  alloys.  Main 
microstructural  features  favorably 
ncing  the  mecha 
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♦  Additional  cold  work  has  proved  to  be 
beneficial  in  further  refining  the  grain 
structure  using  rapid  recrystallization 
annealing.  Grain  sizes  of  the  order  of  10  |im 
and  below  required  to  maximize  strength 
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•  Grain  growth  during  beta  annealing  of 
titanium  is  strongly  affected  by  texture. 
Periods  of  rapid  and  slow  growth  can  be 
related  to  the  evolution  of  texture  during 

J  j 

•  Many  features  of  such  texture-controlled 
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Technical: 

>  special  equipment  adjusted  to  sizes  is  needed 
Metallurgical: 

>  results  achieved  strongly  depend  on  many  parameters  of  little 
consequence  during  conventional  thermal  processing 

>  continuous  phase  and  structural  transformations  need  “in-depth” 
understanding  of  the  effect  of  heating  rate 
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